The suprachiasmatic nucleus houses the central circadian clock and is characterized by the timely regulated expression of clock genes. However, neurons of the cerebellar cortex also contain a circadian oscillator with circadian expression of clock genes being controlled by the suprachiasmatic nucleus. It has been suggested that the cerebellar circadian oscillator is involved in food anticipation, but direct molecular evidence of the role of the circadian oscillator of the cerebellar cortex is currently unavailable. To investigate the hypothesis that the circadian oscillator of the cerebellum is involved in circadian physiology and food anticipation, we therefore by use of CreLoxP technology generated a conditional knockout mouse with the core clock gene Arntl deleted specifically in granule cells of the cerebellum, since expression of clock genes in the cerebellar cortex is mainly located in this cell type. We here report that deletion of Arntl heavily influences the molecular clock of the cerebellar cortex with significantly altered and arrhythmic expression of other central clock and clockcontrolled genes. On the other hand, daily expression of clock genes in the suprachiasmatic nucleus was unaffected. Telemetric registrations in different light regimes did not detect significant differences in circadian rhythms of running activity and body temperature between Arntl conditional knockout mice and controls. Furthermore, food anticipatory behavior did not differ between genotypes. These data suggest that Arntl is an essential part of the cerebellar oscillator; however, the oscillator of the granular layer of the cerebellar cortex does not control traditional circadian parameters or food anticipation. Keywords: cerebellum, circadian, clock gene, conditional knockout mouse, granular layer. J. Neurochem. (2017) 142, 841-856.
In mammals, circadian rhythms are governed by a central pacemaker located in rhythmically firing neurons in the hypothalamic suprachiasmatic nucleus (SCN); however, peripheral circadian oscillators are also present in a number of extra-hypothalamic tissues, which are capable of generating daily rhythms (Reppert and Weaver 2002) . At the molecular level, the circadian clockwork is a network of oscillating clock genes and their protein products, which together form autoregulatory transcriptional-post-translational feedback loops (Buhr and Takahashi 2013) . These clock genes include Arntl (arylhydrocarbon receptor nuclear translocator-like), Clock (circadian locomotor output cycles kaput), period 1 (Per1), period 2 (Per2), period 3 (Per3), cryptochrome 1 (Cry1), cryptochrome 2 (Cry2), and nuclear receptor 1D1 (Nr1d1) (Buhr and Takahashi 2013) .
All clock genes are expressed in the granular and Purkinje cell layers of the cerebellar cortex of rats and mice (Rath et al. 2012 (Rath et al. , 2014 . Several of the genes exhibit distinct daily rhythmic expression profiles, indicative of a functional molecular circadian oscillator in the cerebellar cortex (Rath et al. 2012 (Rath et al. , 2014 . Lesion studies have shown that the circadian oscillations in clock gene expression in the cerebellum are controlled by a circadian input from the SCN (Rath et al. 2012) , and certain lines of evidence suggest that the cerebellum is involved in circadian food anticipation (Mendoza et al. 2010) . However, a direct link between the molecular clockwork and possible circadian physiological function of the cerebellar cortex, a brain region mainly involved in motor control, has yet to be determined.
Previous studies have shown global clock gene knockouts to have a profound impact on circadian biology (Antoch et al. 1997; Thresher et al. 1998; Zheng et al. 1999 Zheng et al. , 2001 Bunger et al. 2000) ; however, as such phenotypes most likely result from a disrupted circadian clockwork of the SCN, tissue-specific deletion of a component of the molecular circadian clockwork is a prerequisite for using a knockout approach to elucidate the roles of extra-hypothalamic oscillators. To examine the hypothesis that the circadian oscillator of the cerebellum influences circadian physiology and food anticipation, we here present circadian molecular and telemetric analyses of a novel conditional knockout mouse strain with cerebellar granule cell-specific ablation of the core clock gene Arntl.
Materials and methods

Animals
A line of Arntl conditional knockout mice was generated, using the Cre-LoxP system (Sauer 1998) . Arntl-flox carrying mice (B6.129S4 (Cg)-Arntl tm1Weit /J; stock number 7668; RRID:IMSR_JAX:007668) (Storch et al. 2007 ) and Atoh1-Cre carrying mice (B6.Cg-Tg(Atoh1-cre)1Bfri/J; stock number 011104; RRID:IMSR_JAX:011104) (Matei et al. 2005) were obtained from Jackson Laboratories (Charles River, Sulzfeld, Germany). Atonal bHLH transcription factor 1 (Atoh1) is specifically expressed in the external granular layer of the developing mouse cerebellum giving rise to the granular layer of the adult cerebellar cortex (Akazawa et al. 1995) . The two strains were crossed to obtain Atoh1-Cre/Arntl-flox heterozygotes, which were crossed to generate hemizygote Atoh1-Cre + /homozygote Arntl-flox
offspring. Further breeding of Atoh1-Cre + /Arntl-flox +/+ mice was used to generate the animals used for experimental purposes: Arntl conditional knockout mice (Atoh1-Cre + /Arntl-flox +/+ ) and control mice (Atoh1-Cre À /Arntl-flox +/+ ). Notably, the cerebral cortices in these control mice have been used in a previous study (Bering et al. 2017) . Animals were bred and housed under controlled light conditions in a standard 12 h light: 12 h dark schedule (12L : 12D) with access to food and water ad libitum except where noted. For quantitative reverse transcription real-time PCR (qRT-PCR) analyses, animals were transferred to constant darkness (DD) 2 days prior to euthanasia. For immunohistochemistry, in situ hybridization and qRT-PCR, animals were killed at specific Zeitgeber times (ZT) or circadian times (CT) as specified below. For telemetry, animals were monitored in both standard 12L : 12D, DD and under food restriction as specified below. All animal experiments were performed in accordance with the guidelines of EU directive 86/ 609/EEC. The specific experiments included in this study were approved by the Danish Council for Animal Experiments (authorization number 2012-DY-2934-00022 with extension number 2017-15-0201-01199) and the Faculty of Health and Medical Sciences, University of Copenhagen (authorization numbers P13-035 and P17-206).
Genotyping
Genomic DNA extracted from tail or ear samples was used for genotyping, using the HotSHOT method (Truett et al. 2000) . Standard 10 lL PCR reactions (Roche, Hvidovre, Denmark) were performed on 100-1000 ng DNA. For primer sequences, see Table S1 . The reaction was run using the following program: 94°C for 3 min; 31 cycles of 94°C for 30 s, 62°C for 60 s, 72°C for 60 s; and a final step of 72°C for 2 min. Genotypes were confirmed by electrophoresis of the amplified PCR products in a 2% agarose gel. females; 13-31 weeks of age) were killed by decapitation at 4-h intervals throughout the day and night (ZT0 = 6 AM); during the night, euthanasia was performed under dim red light. Whole brains were immediately removed and frozen on solid CO 2 . During the same experimental session, brains for a study on the cerebral cortex were obtained (Bering et al. 2017) . Coronal cryostat sections (12 lm) were hybridized with [ 35 S]dATP-labeled antisense DNA probes (Klitten et al. 2008) specific to mRNA transcripts of the clock genes Arntl, Per1, Per2, Per3, Clock, Nr1d1, Cry1, Cry2, and clock-controlled gene Dbp; for probe sequences, see Table 1 . For detection of Arntl mRNA, the probe was designed to target a part of the transcript encoded by exon 8 of the Arntl gene, which is flanked by LoxP-sites in the Arntl-flox carrying mice (B6.129S4(Cg)-Arntl tm1Weit /J) (Storch et al. 2007) . Hybridized sections were washed, exposed to an X-ray film for 3 weeks and developed. For densitometric quantification, the X-ray films were digitized using Scion Image Beta 4.0.2 (Scion, Frederick, MD, USA), and optical densities were converted to dpm/mg tissue by comparing them to simultaneously exposed 14 C-standards. In the cerebellar cortex, the granular layer of the most dorsal folium of the vermis was used for quantification ( Figure S1 ). Brightness and contrast were manually adjusted by use of Adobe Photoshop 7.0 (Adobe Systems Software).
Immunohistochemistry
Quantitative reverse transcription real-time PCR A total of twenty-four adult control mice (Atoh1-cre À /Arntl-flox +/+ ; 15 males, 9 females; 13-23 weeks of age) and twenty-four adult Arntl conditional knockout mice (Atoh1-cre + /Arntl-flox +/+ ; 15 males, 9 females; 13-25 weeks of age) were transferred to DD 2 days prior to euthanasia and killed by decapitation under dim red light at 3-h intervals throughout the presumptive day and night (CT0 = 6 AM). From each mouse, the cerebellum was removed and immediately frozen on solid CO 2 . During the same experimental session, brains for a study on the cerebral cortex were obtained (Bering et al. 2017) . Total RNA from each cerebellum was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and subjected to DNAse treatment, using DNAse I (Invitrogen, Taastrup, Denmark). cDNA was synthesized following the Superscript III protocol (Invitrogen) using 500 ng of total RNA as starting material. PCR reactions were performed using a Lightcycler 96 (Roche Diagnostics, Hvidovre, Denmark) with reactions (10 lL volume) containing 0.5 lM primers, Faststart Essential DNA Green Master (Roche, Mannheim, Germany) and cDNA according to the manufacturer's instructions; see Table 2 for primer sequences. The reaction was run using the following program: 95°C for 10 min; 40 cycles of 95°C for 10 s, 63°C for 10 s, 72°C for 15 s. Product specificity was confirmed by melting curve analysis.
Internal standards were prepared by cloning target PCR products of clock genes Per1, Per2, Per3, Clock, Nr1d1, Cry1, and Cry2; clock-controlled gene Dbp; and housekeeping genes actin beta (Actb) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) into pGEMT Easy vectors (Promega, Madison, WI, USA). For each experiment, transcript number was determined from a standard curve, which was generated using a set of tenfold serial dilutions of the corresponding internal standard (10 2 to 10 5 copies/1 lL or 10 3 to 10 6 copies/1 lL). The molecular role of Arntl in the cerebellumwith controlled light conditions and data were analyzed according to the following schedule: 12L : 12D for 14 days and DD for 9 days.
Telemetry under food restriction
Five adult control mice (Atoh1-cre À /Arntl-flox +/+ ; 1 male, 4 females; 14-18 weeks of age) and five adult Arntl conditional knockout mice (Atoh1-cre + /Arntl-flox +/+ ; 1 male, 4 females; 18-24 weeks of age) were implanted with TA-F10 radiotelemetry transmitters and spontaneous locomotor actitvity was monitored as described above starting 7 days after surgery. The animals were monitored and analyzed under a 12L : 12D light schedule with food and water ad libitum for 12 days followed by 12 days under restricted feeding with food available for 6 h per day from ZT6 to ZT12, as previously described (Mendoza et al. 2010) .
Statistical analyses
Quantitative data analysis was performed using GraphPad Prism 6.0d (GraphPad Software, La Jolla, CA, USA). Differences in means of in situ hybridization signals (dpm/mg tissue) and qRT-PCR normalized copy numbers, respectively, were determined by use of two-way ANOVA with time (ZT for in situ hybridization; CT for qRT-PCR) and genotype as variables, followed by Bonferroni multiple-comparisons post hoc test; data with only one variable were analyzed by use of one-way ANOVA. Cosinor analyses were used to estimate times of peaking gene expression by fitting the data to a sine wave curve. Prism â 6.0d software does not provide a separate power-analysis for each ANOVA analysis performed; our experimental design with three animals of each genotype (n = 3) killed at eight time points throughout the 24 h of the day (a total of 48 animals) was based on previous studies on circadian clock gene expression in the murine cerebellum (Rath et al. 2012 (Rath et al. , 2014 and clock gene expression in a conditional Arntl knockout model (Bering et al. 2017) , where this design has proven to be sufficient for detecting both circadian rhythms and differences between genotypes in expression patterns in 90% of the clock genes analyzed. We expected the biological variation and differences between genotypes, that is the effect size, to be of similar magnitude in the current study. Notably, in this paper, n refers to the number of individual animals treated as separate (non-pooled) samples in each experimental group. Group allocation was based on genotype and all experimental groups were age and sex-matched (see above). Each animal was given an ID-number in accord with time of birth irrespective of genotype. Animals of both genotypes were housed in the same room; euthanasia and data acquisition were run in parallel blinded. The genotype, based on the animal's ID-number, was revealed for the data analysis.
For telemetric experiments (with food ad libitum), ActogramJ was used to generate actograms of locomotor activity and body temperature for individual mice followed by chi-square periodogram analysis in order to determine period length (tau) as well as the Qpvalue as a measure for rhythm robustness (Refinetti 2004; Schmid et al. 2011) . Cosinor analyses in GraphPad Prism 6.0d were used to estimate average locomotor activity or body temperature (mesor) and range of oscillation (amplitude) by fitting the circadian data to a sine wave curve. The chronotype of individual mice was determined as the mean median of activity, that is, the mean time of day at which 50% of daily activity had been reached (Wicht et al. 2014) .
For food restriction telemetric experiments, ActogramJ was used to generate actograms of locomotor activity. For each individual mouse, the locomotor activity was summarized in 1 h-intervals and the percentage of total daily activity was calculated based on data obtained during 12 days with food ad libitum and 12 days under food restriction, respectively. Subsequently, the mean percentages of total daily activity in 1 h-intervals for each genotype (n = 5) were calculated and compared by use of two-way ANOVA with time and genotype as variables in GraphPad Prism 6.0d. Sample size was calculated to a power of 0.8 based on previously published data obtained in a similar experiment (Mendoza et al. 2010) showing an effect size of 3.3, which corresponds to n = 4 (Samuels 1989); we here based our experiment on n = 5. In all analyses, a two-tailed p-value below 0.05 was considered statistically significant.
Results
Arntl expression is abolished in the cerebellar granular layer of the Atoh1-cre + /Arntl-flox +/+ mouse, but maintained in the suprachiasmatic nucleus To verify tissue-specific deletion of Arntl in the granular layer of the cerebellum, immunohistochemistry and in situ hybridization were performed to evaluate the expression of Arntl in Atoh1-cre + /Arntl-flox +/+ conditional knockout mice and in Atoh1-cre À /Arntl-flox +/+ controls (Fig. 1) . ARNTL protein was detectable in the granular layer of the cerebellum of Atoh1-cre À /Arntl-flox +/+ controls, while being (Fig. 1a) . However, ARNTL protein was strongly expressed in the SCN of both genotypes. Radiochemical in situ hybridization revealed similar results (Fig. 1b) . In the cerebellar cortex of Atoh1-cre À /Arntl-flox +/+ controls, Arntl mRNA transcripts displayed a highly significant 2-3 fold daily rhythm (p < 0.001, Bonferroni's multiple comparisons post hoc test) with expression levels peaking at the night-day transition ( Fig. 1c In situ hybridization was performed on coronal sections of the cerebellum (Fig. 2 ) and the hybridization signal was quantified ( Fig. 3; Table 3 ). Cerebellar expression of Per1 was rhythmic in both the Atoh1-cre + /Arntl-flox +/+ conditional knockout mouse and in the Atoh1-cre À /Arntl-flox +/+ controls (p-values < 0.001, Bonferroni's multiple comparisons post hoc test; Table 3 ); in both genotypes, Per1 mRNA exhibited a 2-to 3-fold rhythm reaching its maximal expression during early night (ZT15-16) (Table 3) . However, a significant difference between genotypes was detected (p < 0.001, twoway ANOVA) with reduced expression levels in the Atoh1-cre + / Arntl-flox +/+ conditional knockout mouse. Per2 and Per3 were also rhythmic in the cerebellar cortex of the Atoh1-cre À / Arntl-flox +/+ control mouse (p < 0.001, Bonferroni's multiple comparisons post hoc test) exhibiting 4-and 2-fold rhythms, respectively. Both Per2 and Per3 differed significantly between genotypes (p-values < 0.001, two-way ANOVA) and were arrhythmic (p-values > 0.05, Bonferroni's multiple comparisons post hoc test) with reduced expression levels in the Atoh1-cre + /Arntl-flox +/+ conditional knockout mouse ( Fig. 3; Table 3 ). In the cerebellar cortex of the Atoh1-cre À /Arntl-flox +/+ control mouse, the expression levels of Per2 and Per3 peaked early in the night (ZT16-17) and at the day-night transition (ZT11-12), respectively.
Nr1d1 and Dbp showed similar expression profiles with significant 4-to 5-fold daily rhythms in the cerebellar cortex of Atoh1-cre À /Arntl-flox +/+ control mice (p-values < 0.001, Bonferroni's multiple comparisons post hoc test) reaching maximal expression late in the day (ZT10-11) (Table 3) . For both Nr1d1 and Dbp, cerebellar expression differed significantly between genotypes (p-values < 0.001, two-way ANOVA) with arrhythmic (p-values > 0.05, Bonferroni's multiple comparisons post hoc test) and reduced expression detected in Atoh1-cre + /Arntl-flox +/+ conditional knockout mice as compared to Atoh1-cre À /Arntl-flox +/+ control mice ( Fig. 3; Table 3 ).
As for Clock and the cryptochrome genes (Cry1 and Cry2), no rhythms in cerebellar expression levels were detected in either genotype (p-values > 0.05, two-way ANOVA) ( Fig. 3 ; Table 3 ). Furthermore, significant differences between genotypes were not detected in case of Clock and Cry2 (p-values > 0.05, two way ANOVA) (Table 3) . However, Cry1 expression differed significantly between the genotypes (p < 0.01, two-way ANOVA) with increased expression detected in the cerebellar cortex of the Atoh1-cre + /Arntl-flox +/+ conditional knockout mouse ( Fig. 3; Table 3 ).
qRT-PCR was performed on whole cerebella of the Atoh1-cre + /Arntl-flox +/+ conditional knockout mice and Atoh1-cre À /Arntl-flox +/+ control mice kept in DD ( Fig. 4 ; Table 4 ). The period genes (Per1, Per2 and Per3) exhibited significant 2-to 5-fold circadian rhythms in the cerebella of both Atoh1-cre À /Arntl-flox +/+ control mice (p-values < 0.001, Bonferroni's multiple comparisons post hoc test) and Atoh1-cre + / Arntl-flox +/+ conditional knockout mice (p-values < 0.01, Bonferroni's multiple comparisons post hoc test) with peaking levels of expression reached during the presumptive night (Table 4) . However, significant differences between genotypes were detected for all three period genes (p-values < 0.001, two-way ANOVA) with reduced expression levels detected in the Atoh1-cre + /Arntl-flox +/+ Arntl conditional knockout mouse ( Fig. 4; Table 4 ).
Nr1d1 in the cerebellum differed significantly between genotypes (p-values < 0.001, two-way ANOVA); Nr1d1 exhibited a significant 3-fold circadian rhythm in the Atoh1-cre À / Arntl-flox +/+ control mice (p < 0.001, Bonferroni's multiple comparisons post hoc test) with maximal levels of expression reached late in the day, but expression in the cerebellum was arrhythmic (p-values > 0.05; Bonferroni's multiple comparisons post hoc test) and reduced ( (Table 4) .
Clock and the cryptochrome genes (Cry1 and Cry2) were all arrhythmic in both genotypes (p-values > 0.05, two-way ANOVA). Differences between genotypes were not detected for Cry2 (p > 0.05, two-way ANOVA), whereas the genotypes differed significantly in cerebellar expression of Clock and Cry1 (p < 0.001, two-way ANOVA) with increased expression levels in Atoh1-cre + /Arntl-flox +/+ conditional knockout mouse (Table 4) . Table S3 ). Differences between genotypes were not detected in expression profiles of any of the transcripts in the SCN (p-values > 0.05, two-way ANOVA) (Table S3) .
Daily rhythms in locomotor activity and body temperature of Atoh1-cre + /Arntl-flox +/+ conditional knockout mice are similar to those of control mice To examine the possible impact of the cerebellar circadian oscillator on behavioral and physiological circadian profiles, spontaneous locomotor activity and body temperature of Atoh1-cre + /Arntl-flox +/+ conditional knockout mice and Atoh1-cre À /Arntl-flox +/+ control mice were monitored in both 12L : 12D and DD ( Fig. 6; Figure S2 ).
Both genotypes exhibited daily rhythms in locomotor activity in 12L : 12D ( Fig. 6 ; Table S4 ) with similar activity profiles (mesor and amplitude), rhythm robustness, period lengths, and chronotype (Table S4) . These results were the same in DD with no differences detected in any of the analyzed circadian parameters ( Fig. 6 ; Table S4 ). Body temperature monitored in 12L : 12D and DD ( Figure S2 ) was analyzed in the same manner. Rhythm robustness, period length and circadian profiles (mesor and amplitude) were similar in both genotypes (Table S5) .
Daily rhythms in food anticipatory behavior of Atoh1-cre + / Arntl-flox +/+ conditional knockout mice are similar to those of control mice under food restriction It has been previously suggested that the circadian oscillator of the cerebellum controls food anticipatory behavior (Mendoza et al. 2010) . To test this in our experimental model, locomotor activity of Atoh1-cre + /Arntl-flox +/+ conditional knockout mice and Atoh1-cre À /Arntl-flox +/+ control mice were monitored in 12L : 12D with food available ad libitum followed by restricted feeding with food available for 6 h only from ZT6 to ZT12 (Fig. 7a) . With food available ad libitum, high locomotor activity was confined to the dark period for both genotypes (Fig. 7b ), but in the restricted feeding regime, high activity was detectable just prior to feeding time (Fig. 7c) in agreement with previous investigations of wild type mice (Mendoza et al. 2010) . Locomotor activity throughout the 24 h cycle or within the last 3 h before mealtime under restricted feeding did not differ between the genotypes (p > 0.05, two-way ANOVA) (Fig. 7d) , thus showing that the circadian oscillator of the cerebellar granule cell layer does not influence food anticipatory behavior.
Discussion
The cerebellum houses a circadian oscillator as evidenced by the circadian expression of a plethora of clock genes in the rodent cerebellar cortex (Akiyama et al. 1999; Namihira et al. 1999; Shieh 2003; Matsui et al. 2005; Farnell et al. 2008; Mendoza et al. 2010) . As a first step toward elucidating the role of the circadian oscillator of the cerebellum, we here characterized a novel conditional knockout mouse with a cell-specific deletion of the clock gene Arntl in the granular layer, which is the major site of clock gene expression in the cerebellar cortex (Rath et al. 2012 (Rath et al. , 2014 . Arntl has been previously ablated in specific neuronal oscillators of the telencephalon and diencephalon (Izumo et al. 2014; Yu et al. 2014; Bering et al. 2017 ), but we here present the first model with a neuronal cell-specific clock gene deletion outside the forebrain. Our data provide evidence that Arntl is essential for the molecular clockwork of the cerebellar cortex; however, although the cerebellum plays a central role in motor control, deletion of Arntl does not influence circadian locomotor activity.
As noted in the Introduction, the molecular circadian clockwork is composed of clock gene products with specific daily expression patterns. The circadian profiles of the molecular cerebellar oscillator of control mice were generally similar to those previously described in mice and rats, both in terms of clock gene rhythmicity and times of peak expression (Rath et al. 2012 (Rath et al. , 2014 . However, deletion of Arntl in the granular layer had a profound impact on the molecular circadian clockwork by significantly affecting the expression profiles of the vast majority of clock genes, as evidenced by the cerebellar gene expression profiles in the Arntl conditional knockout mouse, thus establishing Arntl as an important core clock gene in the cerebellum.
The expression of period genes (Per1, Per2 and Per3) is reduced in the granular layer of the Arntl conditional knockout mouse; this finding is in line with the previously reported role of the ARNTL-CLOCK heterodimer as a transcriptional activator of the period genes (Gekakis et al. 1998; Jin et al. 1999) . The dysfunctional oscillator was further confirmed by our finding that Per2 and Per3 were arrhythmic in the granular layer of the Arntl conditional knockout mouse. The oscillation of Per1 was reduced, but still present, in the granular layer of the conditional knockout mouse; this finding is in contrast to the arrhythmic expression of Per1 reported in the SCN of the global Arntl knockout mouse (Bunger et al. 2000) . Similarly, we recently found that Per2 expression was unaffected and thus still rhythmic in the hippocampus of a cerebral cortex-specific Arntl knockout mouse (Bering et al. 2017) . These findings suggest that the outcome of deleting Arntl is to some extent unpredictable and are in line with previous analyses showing that the molecular effects of deletion of clock genes differ between different brain regions (Feillet et al. 2008) . Notably, in our qRT-PCR analyses of dissected whole cerebella of the Arntl conditional knockout mouse, reduced though persistently rhythmic expression of all period genes was detected; this apparent discrepancy most likely reflects the contribution of rhythmic clock gene expression located in Purkinje cells (Rath et al. 2014) . The in situ hybridization analyses circumvented this problem by specifically measuring expression levels in the granular layer; rhythms of Per2 and Per3 were no longer detectable in the Arntl knockout mouse using this layer-specific approach.
The central role of Arntl in the molecular clockwork of the cerebellar cortex is further supported by our findings that Nr1d1 and Dbp are reduced and arrhythmic in the granular layer of the Arntl conditional knockout mouse; these results are in accord with data generated in other model systems showing that both genes are under the transcriptional control of the ARNTL-CLOCK heterodimer (Lopez-Molina et al. 1997; Ripperger et al. 2000; Preitner et al. 2002; Triqueneaux et al. 2004; Ripperger and Schibler 2006) . Nr1d1 is known to exert negative feedback on the Clock gene itself (Crumbley and Burris 2011) , thus probably explaining the partly increased expression of Clock in the cerebellum of the Arntl conditional knockout mouse. Among cryptochrome genes, differences between genotypes were detected in the case of Cry1, which displayed an increased level of expression in the cerebellar cortex of the Arntl conditional knockout mouse. Upregulation of Cry1 in response to deletion of Arntl has been reported in both the retina and cerebral cortex (Storch et al. 2007; Bering et al. 2017 ) and seems to reflect the repressive role of the ARNTL-CLOCK dimer on cryptochrome expression (Kondratov et al. 2006) .
In contrast to clock gene expression in the cerebellar cortex, differences between genotypes in the molecular circadian clock of the SCN were not detected. The clock gene expression profiles of the SCN are advanced as compared to the cerebellar cortex, but correspond to those previously reported (Albrecht et al. 1997; Shearman et al. 1997; Onishi et al. 2002; Rath et al. 2014) . The unaffected circadian clock of the SCN makes this model ideal for studying the isolated function of the cerebellar granular layer circadian oscillator.
This study represents the first investigation of the role of the cerebellar circadian oscillator, using cell-type-specific genetic intervention. Previous studies have shown that circadian cerebellar clock gene expression can be phase shifted in response to restricted feeding suggestively reflecting that the oscillator of the cerebellum may be involved in food anticipation (Mendoza et al. 2010) . However, global Arntl knockout studies addressing the role of the molecular circadian clock in food anticipation have been contradictory (Fuller et al. 2008; Mistlberger et al. 2008; Pendergast et al. 2009; Storch and Weitz 2009) . In the present study, we addressed the possible role of the circadian oscillator of the cerebellar cortex in food anticipation by exposing the Arntl conditional knockout mouse to restricted feeding and monitoring food anticipatory behavior. We here conclude that deletion of Arntl in cerebellar granule cells has no effect on food anticipation. In a previous report (Mendoza et al. 2010) , impaired Purkinje cell function was found to abolish food anticipatory daily rhythms in an experimental setup identical to the one used here; it is possible that this previously reported effect is not directly linked to the molecular circadian oscillator of the cerebellum or that circadian control of food anticipatory behavior is localized to the Purkinje cells, which were left unaffected in the experimental model of the present study.
Although the cerebellum may serve several functions, it is a well-established integral part of the motor system (Ito 2006) . It is therefore tempting to speculate that the cerebellar circadian oscillator may also be involved in daily changes in motor functions. However, in the present study, we found that circadian aspects of spontaneous locomotor activity, that is, rhythm robustness, chronotype, and amplitude, as well as average locomotor activity, do not differ between Arntl conditional knockout mice and controls. Therefore, our data do not support an essential role of the granule cell circadian oscillator in regulation of circadian locomotor patterns. Previously reported reductions in the overall locomotor activity and rhythm robustness, as well as a later chronotype, in the global Arntl knockout mouse (Pfeffer et al. 2015) seem to be caused by changes in the circadian clockwork of the SCN, which was unaffected in the model of the present study.
As described above, the molecular components of a functional circadian oscillator are present in both the granular and the Purkinje cell layers of the cerebellar cortex, and Purkinje cells have been reported to exhibit a circadian rhythm in firing activity (Mordel et al. 2013) . However, the division of labor between granule cells, which was the cell type of study here, and Purkinje cells in the circadian timing system is unknown. It is possible that the endogenous clockwork of the Purkinje cell, the output cell of the cerebellar cortex, is sufficient to drive a circadian cerebellar output to other parts of the brain. Further studies will be needed to clarify specific roles and redundancy between the circadian oscillators of the Purkinje cells and granule cells. This could involve Cre-mediated Arntl deletion in Purkinje cells (Barski et al. 2000) and possibly Arntl double conditional knockout mice.
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